Irradiation with infrared light is found to stimulate the electrical conductivity of a film of an organic polymeric conductor ͓poly͑3,4-ethylenedioxythiopene͒ with polystyrene sulfonate͔. The change in conductivity is found to be linear in the intensity of the irradiation ͑4 -400 mW/cm 2 ). Both frequency and time domain measurements reveal that the change in resistance induced by irradiation, relaxes according to ⌬R(t)ϰ(1/t) 0.6 , with t as the time after excitation. As a possible mechanism for this relaxation, we model the diffusion of heat from the polymer film to the supporting glass substrate. Assuming that the change in resistance is linear with the raise in temperature caused by the infrared irradiation, one predicts a ⌬R(t)ϰ(1/t) 0.5 dependence. The similarity between the model and experimental behavior is taken as an indication that the relaxation is limited by heat transport from the polymer film and that the thermalization of the charge carriers occurs on a shorter time scale. Electrical characterization is complemented with optical measurements. These show infrared-induced transient absorption of the polymer film with practically the same relaxation behavior as the change in resistance. This suggests that the optical transients are also due to thermal excitations. In the sub-ps time domain, measurements of the change in optical transmission (⌬T/T) induced by the infrared pulse show a very short-lived component with a lifetime close to the instrumental resolution ͑ϳ500 fs͒. The rapid response is followed by a slow component that decays according to (⌬T/T)(t)ϰ(1/t) 0.65 . This is interpreted in terms of cooling of the excited charge carriers limited by heat transport, indicating that the thermalization of the carriers occurs on the sub-ps time scale.
I. INTRODUCTION
-conjugated polymers are a relatively new class of materials that have found applications in various optoelectronic devices. Films of these materials can be rendered conductive upon ͑oxidative͒ doping. 1 Doping with oxidizing agents generally does not produce conductive materials that are environmentally stable. Dedoping followed by a loss of conductivity usually occurs quite rapidly. However, a few dopantpolymer combinations are known that are extremely stable also under ambient conditions. Well known is, for instance, polyaniline doped with camphorsulfonic acid. 2 In this article, we focus on another polymer-dopant combination: poly͑3,4-ethylenedioxythiophene ͒ ͑PEDOT͒ with polystyrene sulfonate ͑PSS͒. The PEDOT polymer combines a low oxidation potential with environmental stability in the oxidized state. 3 In the oxidized form, positive charges on the PEDOT are balanced by negative charges on the PSS, which acts as polymeric counterion. PEDOT:PSS has found many industrial applications. 4 An aqueous dispersion of these two polymers is easily processable and solid films prepared from this mixture show high conductivity ͑up to 600 S/cm͒. 5 Photoconductivity, i.e., the change in electrical conductivity of a solid due to irradiation, can arise not only as the result of a change in carrier density but also as a result of a change in carrier mobility due to absorption of radiation. 6 If radiation incident on a semiconducting material is absorbed by free carriers, their energy will be increased above the value corresponding to thermal equilibrium with the lattice. In principle, this change in energy can be observed by the change in mobility and, hence, in conductivity. This type of photoconductivity can be utilized to produce sensitive receivers of electromagnetic radiation in the millimeter and infrared regions as shown by Kinch and Rollins. 7 They demonstrated that n-doped indium antimonide at liquid-helium temperatures can be used as active material in an infrared detector with a response time of 0.1 s. Another example of this type of photoconductivity was given by Rohrbacher and Karl. 8 These authors studied conduction of anthracene doped with tetracene. The latter molecule acts as a hole trap. By irradiating at the infrared wavelengths corresponding to the absorption of the loaded tetracene trap ͑i.e., the tetracene cation͒ they were able to detrap the charges and collect them with help of electrodes. Later, it was shown that besides this indirect process involving an electronic excited state of the trap also direct trap-to-band transitions can be induced with infrared light. 9 For PEDOT:PSS, there are infrared absorption bands associated with the charge carriers and, therefore, it is possible to excite charge carriers specifically. This may then lead to a change in conductivity similar to the cases just cited. If, however, the thermalization of the carriers is very rapid, the energy supplied by the photons will be dissipated very quickly and a change of conductivity due to a change in temperature will be observed. So, depending on the thermalization time of the carriers, a device consisting of a PEDOT-:PSS layer with suitable electrodes may act either as a photoconductive or thermal detector for infrared light.
The main objective of this work is to study photoinduced changes in the resistivity of PEDOT:PSS and to analyze the relaxation mechanism for the excitations. Additionally, we will evaluate the feasibility of a polymeric infrared detector. A number of polymeric infrared detectors has been described in literature. Many of these involve the pyroelectric effect. 10 Kaufman et al. 11 have patented a polymer infrared bolometer but their work involves mainly ion implanted polymers and no description of -conjugated polymers is given. Thus, to our knowledge, the effect on the electrical properties of excitation with infrared light involving the electronic transitions associated with the charge carriers has not been investigated for doped -conjugated polymers.
The electrical resistivity of PEDOT doped with PF 6 has been studied in detail as a function of temperature. 12 Near room temperature, the resistivity shows a negative temperature coefficient (‫ץ/ץ‬TϽ0) typical for disordered conductors. The temperature dependence of the resistivity in the interval 30ϽTϽ300 K can be described by (T) ϭ 0 exp(T 0 /T) 1/n with n ranging from 3 to 4 for different films. This behavior is indicative of variable range hopping conduction. 13 At low temperature (TϽ10 K͒, the dependence of the resistivity on temperature changes. The conductivity ͑ϭ1/͒ was found to obey (T)ϭ 0 ϩmT 1/2 , where m can have either positive or negative sign depending on the film preparation. The difference in the high-to low-temperature behavior is attributed to the increased importance of electron-electron interactions on the dynamics of the charge carriers at low temperatures. 12 As a peculiar characteristic of -conjugated polymers, the doped polymers show high cross sections for photon absorption in the midinfrared and infrared regions of the spectrum. 1 The neutral form of the polymers usually does not absorb below 1.5 eV. In particular, thin films of PEDOT:PSS are almost transparent in the visible range of the spectrum and show a broad absorption band that starts at about 1.5 eV and extends into the infrared. 14 This band has been ascribed to the presence of charge carriers and has been interpreted in terms of a localization modified Drude model. 14 In this model, the charge carriers in the material are regarded as a free electron gas with the distinction that the mean-free path is limited by defects related to the disorder of the polymer chains. Analysis of reflection data using this model yields the plasma frequency ( pl ) and a scattering time ͑͒. pl is estimated at 1.2 eV and this energy marks the upper limit for the absorption due to intraband transitions of the free carriers associated with the translational motion of these species. The mean scattering time , estimated at 1-10 fs, gives the average time between two consecutive collisions of a charge carrier with defects, phonons, or other carriers. This parameter can also be taken as an estimate for the lifetime of the excited state associated with the photon absorption. Apart from intraband transitions, interband and intrachain transitions may also contribute to the infrared absorption but their contribution is as yet not quantified. Studies of the polymer films at low degrees of doping 15 have shown the presence of two absorption bands, one at ϳ1.5 eV and one at ϳ0.5 eV. This absorption spectrum is remarkably different from that at high doping levels. For low doping levels, the plasma frequency ( pl ) shifts towards lower values 16 so that absorption due to free carrier motion no longer contributes to the absorption in the midinfrared. At low degrees of doping, the absorption bands of the charge carriers can most likely be associated with an intrachain excitation of a carrier. This view is corroborated by recent studies on small oligomers of 3,4-ethylenedioxythiophene ͑EDOT͒ in a solution where similar absorption bands due to intramolecular transitions of the radical cations have been observed. 17 About the lifetime of these intrachain and/or interband excitations, almost nothing is known. If this lifetime is sufficiently long, the population of these excited states may add an additional slow component to the carrier thermalization process.
Structural studies of doped PEDOT films 18 have shown that the material is largely amorphous and can be regarded as a disordered solid. In disordered materials, relaxation and thermalization of charge carriers are often slow. 19 As an example, the rate of thermalization may be limited by the slow transport of carriers towards traps. In this respect, disordered conductors with a relatively high density of carriers show interesting behavior. It has been argued that due to the electrostatic interactions between the charge carriers, a Coulomb gap exists which separates the filled from the empty states available to the carriers. 20 At low temperatures, excitations can have a multiparticle character and their decay can be very slow. To describe possible nonergodic behavior in the system of interacting carriers, the term ''electron glass'' has been coined. 21 In summary, the relaxation and thermalization of photoexcited charge carriers in doped -conjugated polymers is largely unstudied. From reflection measurements, very rapid relaxation would be expected. However, various mechanisms leading to slow relaxation rates seem feasible in disordered materials.
The organization of this article is as follows. After briefly describing the experimental details, experimental results on the influence of infrared radiation on the resistance of PEDOT:PSS will be described. We find that the changes in resistivity are accompanied by optical transients which we characterize using photoinduced absorption spectroscopy. The optical transients allow us to study dynamical processes on very short time scales. We find that, after pulsed excitation, optical and electrical transients decay according to a power law. In the discussion section, we analyze heat transport from the polymer film to the glass substrate. The decay of the temperature rise in the polymer film upon pulsed irradiation is expected to follow a power law. The predicted value for the exponent of the power law is very similar to the value observed experimentally. This strongly suggests that both the electrical and optical transients can be understood in terms of a thermal effect. Finally, we briefly evaluate the usefulness of the observed effects for detection of infrared radiation.
II. EXPERIMENT

A. Device preparation
Electrode structures were deposited onto glass substrates by thermal evaporation. To improve the adhesion of the gold on the glass a thin layer of Cr ͑thickness ϳ5 nm͒ was first deposited followed by a thicker Au layer ͑ϳ100 nm͒. On the patterned glass substrates, a PEDOT:PSS dispersion ͑Bay-tron P, Bayer AG͒ was spin cast in ambient air ͑layer thickness: 4.8ϫ10 2 nm as determined by a Tencor P10 surface profiler͒. For the electrical measurements, the polymer layer was dried under a vacuum and placed into a sealed chamber in a nitrogen atmosphere to prevent extensive wetting of the film. In order to improve the electrical contact between the gold electrodes and the wiring, indium was applied. Optical measurements were performed in air on the complete devices.
Two types of electrode geometries were used. The first is a linear four-probe geometry, were infrared radiation is applied between the middle two probe electrodes ͑labeled 3 and 4͒. The active area between the probe electrodes is 2.7ϫ4 mm. A constant current is applied via the outer electrodes ͑1 and 2͒ and the resistance of the film can be determined by measuring the voltage over the middle two probe electrodes. The change in voltage over 3 and 4 is measured upon illumination between 3 and 4. In the second type of device, the electrodes are positioned in such a way that one obtains a Wheatstone bridge ͑see next͒.
B. Opto-electrical measurements
The effect of infrared radiation on the conductivity of the doped -conjugated polymer film was studied using the linear four-probe geometry just described. In the frequency domain experiments, the infrared light ͑from a tungsten halogen source with RG830 low-pass filter͒ was modulated using a mechanical chopper. The variation in the voltage over electrodes 3 and 4 induced by the illumination was measured using phase-sensitive detection ͑Stanford Research 830 DSP lock-in amplifier͒. A constant current was passed through the devices using a Keithley 2400 source meter. The small changes in resistivity of the polymer film induced by the infrared light can also lead to a small change in the current flowing through the device. As the voltage over the probe electrodes is equal to the product of current and resistance, the change in current may also give a contribution to the modulation of the voltage. The transient response time of the current source to a sudden change in the load resistance is specified at 30 s. Therefore, for modulation frequencies of the infrared light Ͻ10 kHz, effects due to a change in current can be neglected. In the time domain experiments, coherent radiation ͑1047 nm͒ from a miniature Q-switched Nd:YLF laser ͑Spectra Physics Model 7960L3S͒ was used as infrared source. Voltage transients were recorded using a Tektronix DPS 3052 oscilloscope in the ac mode.
C. Near steady-state photoinduced absorption
Photoinduced absorption ͑PIA͒ spectra were recorded using the Nd:YLF laser as excitation source. The change in transmission of a ''white'' probe light from the tungstenhalogen source through the sample (⌬T) was recorded after dispersion by a grating monochromator. For detection, either a Si or InGaAs photodiode was used. The pump power incident on the sample was typically 25 mW with a beam diameter of 2 mm. The component of the signal from the photodiodes at the frequency corresponding to the modulation of the pump source, was recorded using a lock-in amplifier. The PIA (Ϫ⌬T/TϷ⌬␣d) is directly calculated from the change in transmission after correction for stray light from the excitation source, which is recorded in a separate experiment. PIA spectra are recorded with the pump beam in a direction almost parallel to the direction of the probe beam.
D. Transient sub-picosecond photoinduced absorption
The femtosecond laser system used for pump-probe experiments consists of an amplified Ti:Sapphire laser ͑Hurri-cane, Spectra Physics͒. Pulses from a mode-locked Ti:Sapphire oscillator are amplified in a Nd:YLF pumped regenerative amplifier using chirped pulse amplification. The amplifier provides 150 fs pulses at 800 nm with an energy of 750 J and a repetition rate of 1 kHz. For the experiment, pump pulses in the infrared region are created via optical parametric amplification ͑OPA͒ of the 800 nm pulse by a ␤-bariumborate ͑BBO͒ crystal. A phase locked mechanical chopper is placed in the pump beam to block every other pump pulse so that repetition rate of the excitation pulses is 500 Hz. The pump beam was focused to a spot size of about 2 mm 2 with a fluence of 0.1 mJ/cm 2 per pulse. The probe pulses are generated in a separate optical parametric amplifier also pumped by the Ti:Sapphire amplifier. The pulses have a repetition rate of 1 kHz and were reduced in intensity compared to the pump beam using neutral density filters. The probe beam was linearly polarized at the magic angle of 54.7°with respect to the pump polarization in order to cancel out orientation effects in the measured dynamics. The probe pulses could be delayed with respect to the pump using a motorized translation stage. The differential transmission was obtained by selecting the 500 Hz component in the output of an InGaAs photodiode monitoring the probe pulses, using a lock-in amplifier.
III. RESULTS
The effect of infrared radiation on the resistance of the doped -conjugated polymer film was studied using a device with a linear four-probe electrode geometry. Typical results are shown in Fig. 1 . In these measurements, the dc component of the voltage over the probe electrodes is close to 9 V, corresponding to a dark resistance R of 1 M⍀. The modulated illumination results in a small alteration of the voltage on the order of a few hundred microvolts, with the exact magnitude depending on the frequency of the modulation. The amplitude of the alternating component of the voltage (V ac ) is shown in part a, while part b illustrates the phase angle between V ac and the illumination. The amplitude of the radiation-induced modulation of the voltage was found to depend linearly on the current applied through the device ͑data not shown͒. The phase angle of V ac shows the expected change of 180°when the current is reversed. At 10 Hz, the amplitude of V ac amounts to 1 mV. Taking into account the square wave modulation and the root-mean-square output of the lock-in detector this implies that the change in resistance divided by the dark resistance, ⌬R/R, amounts to 0.3 ϫ10 Ϫ3 .In the frequency range of 2-300 Hz, the amplitude is proportional to Ϫ␣ with ␣ϭ0.44Ϯ0.01. The value of the exponent has been determined from a linear regression.
At frequencies Ͼ300 Hz, the amplitude shows a steeper dependence on the modulation frequency. Also shown is the phase angle as a function of frequency. If we look at, say, 100 Hz, we find a phase angle of 135°. This shows that the electrical signal lags behind in phase relative to the ir light by about 45°. The findings indicate that irradiation results in a change of the resistivity of the film that only relaxes quite slowly back to its dark level. In the range of 10 to 200 Hz, the phase angle shows a weak dependence on the frequency with a value close to 135°or Ϫ45°, depending on the direction of the current. Above 300 Hz, the phase lag between voltage and illumination rapidly increases. At frequencies below 10 Hz, we also observe a strong dependence of the phase angle on frequency. Figure 2 illustrates the results of an experiment in which the dependence of the voltage modulation on the intensity of the applied infrared radiation was studied. We find that the amplitude of the voltage is almost linear in the intensity I of the illumination (ϰI ␣ with ␣ϭ0.95Ϯ0.02 at 17.5 Hz modulation͒. Also shown is the dependence of the phase angle on intensity. Interestingly, the phase lag is virtually independent of the intensity of illumination. This indicates that the mechanism by which resistivity relaxes back to its dark level does not change as a function of the intensity of illumination.
The measurements shown in Fig. 2 also pertain to illumination with a tungsten-halogen lamp. When light of 1.18 eV ͑1047 nm͒ from a pulsed Nd:YLF laser was used to illuminate the device, we found that the dependence of the voltage amplitude on the intensity can be described by ͉V ac (I)͉ ϰI ␣ with ␣ϭ1.0Ϯ0.03. This holds for both 274 Hz and 624 Hz chopping rates, with the incident power varying between 4 and 400 mW/cm 2 . For both chopping rates, no significant dependence of the phase angle on the intensity could be detected. The temporal width of the laser pulses used is about 10 ns. When even shorter pulses from a Ti:Sapphire laser are used ͑ϳ200 fs, 1450 nm wavelength͒, we do find deviations from linearity when studying the dependence of the voltage response on the intensity of the incoming light ͑see Fig. 3͒ . At intensities close to 0.4 W/cm 2 ͑23 J/pulse, 1 kHz rep rate͒ the amplitude of the voltage deviates from the linear behavior observed at lower intensities. The phase angle is still found to be independent of the light intensity. This may indicate that the deviation from the linear dependence of the voltage on intensity results mainly from nonlinearity in the absorption of radiation and not primarily from a change in relaxation mechanism.
The studies in the frequency domain, as illustrated in Fig. 1 , have been complemented by studies in the time domain using pulsed irradiation from the Nd:YLF laser. Typical results are illustrated in Fig. 4 . As can be seen, the infrared pulse results in a rapid decrease of the voltage over the probe electrodes, indicating a rapid drop in the resistance of the film. Shown in the inset B of Fig. 4 is the early time response of the device and, as can be seen, the lowering of the voltage occurs on the microsecond time scale. A fit of an exponential function to the drop of the voltage yields a time constant of 8 s. As will be discussed next, we attribute this rise to a finite RC time of the combination of device and oscilloscope. After the rapid initial drop, part of the voltage is quickly recovered but also a particularly slow decay component can be discerned in the time trace. From a log-log plot of the absolute value of the signal ͑see inset C͒, a power-law decay of the change in voltage with ͉⌬V(t)͉ϰ(1/t) ␣ with ␣ϭ0.59 Ϯ0.01 becomes evident.
In summary, irradiation of the polymer film through which an electric current is flowing results in a drop ͑in the absolute sense͒ of the voltage between two probe electrodes positioned on the sides of the illuminated area. The drop in voltage can be understood in terms of a lowering of the resistance. To characterize the infrared induced changes in the polymer film further, we have also performed some optical studies. In particular, we have looked for changes in the optical absorption spectrum of the polymer film upon irradiation with infrared light. In these optical experiments, no electrical current was flowing through the device.
In Fig. 5 , some results of the PIA measurements are shown. In these experiments, the device is irradiated with pulses of 1.18 eV photons coming from the Nd:YLF laser and the change in the transmittance ͑T͒ of the device for light from a continuous tungsten-halogen source is measured. The changes in the transmittance (⌬T) induced by the infrared excitation, divided by the transmittance T are plotted, ͑see part A͒. For small values of ⌬T/T, the relationship ⌬T/Tϭ⌬A holds, with ⌬A as the change in absorbance due to excitation. For comparison, the absorbance A of the polymer film is also shown ͑part B͒. The measurements reveal a bleaching of the absorption band of the doped polymer in the infrared region (⌬TϾ0), accompanied by an increased absorption of light in the near-infrared and visible parts of the spectrum (⌬TϽ0). In Fig. 6 , the frequency dependence of the PIA signals is illustrated for detection with photon energies of 0.83 and 1.77 eV. The dependence has been analyzed in terms of a power law ͉⌬T()͉ϰ (1/) ␣ . This yields exponents ␣ of 0.4 and 0.6 for probe photon energies of 0.83 and 1.77, respectively.
Using the pump-probe technique, we have also studied the optical transients in the sub-ps time domain. In Fig. 7 , measurements of the relative differential transmission ⌬T(t)/T using pump and probe photon energies of 0.86 and 0.94 eV, respectively, are shown. As can be seen, there is a very rapid response ͑full width at half maximum ϳ0.6 ps͒, which is close in temporal width to the instrument response function. The positive ⌬T/T values indicate a bleaching of the absorption at the probe wavelength. A major part of the induced bleaching decays very rapidly. However, there is a smaller component that decays more slowly. The inset shows the ⌬T/T signal in a double logarithmic plot. For times Ͼ1 ps, the decay of the ⌬T/T signal can be described by a power law with ͉⌬T(t)/T͉ϰ(1/t) ␣ and an exponent ␣ of 0.65Ϯ0.01. In Fig. 8 , we show optical transients obtained for various probe photon energies. The pump photon energy was kept constant at 0.86 eV. For all probe energies used ͑0.86, 0.88, 0.90, and 1.00 eV͒, positive ⌬T/T values are observed upon excitation, signifying a bleaching of the absorption upon excitation. For 1.0 eV, the magnitude of the rapid component to ⌬T/T seems reduced. These results may be compared to those in Fig. 5 . From Fig. 5 , it can be observed that ⌬T/T changes sign when going from 0.86 to 1.0 eV .
To evaluate the feasibility of a detector for infrared radiation using films of doped -conjugated polymer, we have constructed devices following the classical bolometer design. This is illustrated in Fig. 9 . Electrodes 1 and 2 are used to apply a current and two separate lanes for the current are created by scratching away the polymer film in the middle of the device ͑hatched area͒. Electrodes 3 and 4, which divide both lanes into two equal parts, are used as probes. Illumination between, say, electrodes 1 and 3 will cause an unbalance in the resistance bridge and will result in a voltage over 3 and 4. In order to adjust V 34 to zero in the dark, a variable resistance between 1 and 4 ͑or 2 and 4͒ is applied. For illumination at 1.18 eV photon energy with power у1.6 mW, V 34 is clearly above the noise level when measured with a dc voltmeter ͑integration time for one measurement 20 ms͒. For 0.5 mW, the voltage output ͑0.2 mV͒ approaches the noise level. For these intensities, also the stability of the baseline starts to become an important factor. The baseline fluctuations most likely have their origin in dynamical processes in the polymer film.
IV. DISCUSSION
The experimental data presented herein show that illumination of the PEDOT:PSS film with infrared light changes its resistance. This phenomenon could be described as photoconduction and can be due to several causes. First, it could result from photogeneration of charge carriers and, second, it may result from a light-induced change in mobility of carriers already present in the material. In the case of the oxidatively doped PEDOT polymer with a high density of charge carriers (10 19 cm Ϫ3 ), a contribution of photogenerated charge carriers to the transient conductivity is unlikely for the following reasons. Recent investigations of PEDOT show that the band gap of the fully undoped material is Ͼ1.5 eV. 15, 17, 22 In our case, the photon energy would not be enough to generate carriers via one photon processes. Charge generation involving more than one photon can be excluded on the grounds that the photoconduction is linear in the intensity of the light applied. Even if an oppositely charged pair of carriers was generated from an absorbed photon, it is to be expected that the negatively charged carrier would recombine very quickly with one of the holes that are present in the material with a high density. Such a recombination event would reduce the yield of photogenerated carriers to zero. Therefore, we conclude that a contribution from photogenerated charges to the photoinduced conduction is unlikely and that the effect results from a modification of the mobility of carriers present in the material induced by light.
Irradiating the polymer film with infrared light at a wavelength where the film absorbs light will eventually result in a heating of the absorbing layer. One of the typical features of disordered polymeric conductors near room temperature is that the electrical ͑sheet͒ resistance of films of these materials shows a decrease with increasing temperature. This has also been observed for PEDOT. 12 It is therefore very likely that the heating of the polymer film due to the infrared radiation makes a contribution to the optically induced lowering of the resistance of the film. When this mechanism is operative, the relaxation of the resistance back to its normal ''dark'' level may be controlled by the heat transport from the polymer film to its surroundings.
Following Smith et al., 23 we analyze the heat transport from the polymer film to its substrate. We assume that the cooling of the polymer film is solely due to the conduction of heat to the supporting glass substrate. Furthermore, it is assumed that the polymer layer is infinitely thin with a uniform temperature. When the illuminated area is large compared to the thickness of the device, one may reduce the heat transport problem to one dimension. If the power of the incoming radiation is sinusoidally modulated with angular frequency and amplitude W 0 ͑in J/s͒, we may write for the change in temperature ͑⌬T ) of the polymer film under influence of the radiation:
where C is the thermal capacity and W out is the rate of flow out of the polymer film due to heat conduction. When the polymer film is very thin, its heat capacity may be neglected. If we neglect heat losses due to radiation and through contact with air and take into account only the heat transport to the supporting substrate then Fick's first law of diffusion can be applied:
where S is the surface area and K is the thermal conductivity. It is assumed that the illuminated area is large compared to the thickness of the layer so that the heat diffusion can be regarded as a one-dimensional problem. The direction of the y axis is normal to the film. The surface yϭ0 is taken to coincide with the interface between the polymer film and the glass substrate. The diffusion of heat within the glass support is governed by the equation for the heat diffusion in one dimension:
where aϭ K s with s denoting the specific heat and as density of the glass. We look for solutions of the form:
⌬T͑,y,t ͒ϭ͑ y ͒⌬T͑ ,yϭ0 ͒. ͑4͒
We assume that all the radiation is absorbed in the infinitely thin layer of polymer on the yϭ0 surface of the glass substrate. The thickness l of the supporting glass plate is assumed to be so large that at the back surface of the plate at yϭl, no appreciable heating of the glass occurs. We can summarize these statements by writing the following boundary conditions for the heat diffusion equation. We now look for an expression of ⌬T(,yϭ0). From Eqs. ͑2͒ and ͑8͒, it follows that
For small changes in temperature (⌬T), the change in electrical resistance ͑⌬R͒ may be assumed to be linear in ⌬T.
One can then write
For ordinary glass, we have density ϭ2.5ϫ10 3 kg m Ϫ3 , specific heat sϭ0.8ϫ10
. From these numbers, we calculate a value for l 0 of 0.1 mm at 100 Hz modulation frequency. The glass substrates used are approximately 1 mm thick. For sufficiently thick substrates (lӷl 0 ), Eq. ͑11͒ reduces to
͑12͒
Alternatively, one may also define a critical frequency 0 :
For ӷ 0 , the temperature at the back surface of the glass substrate at yϭl will show a negligible variation with the irradiation, so that Eq. ͑12͒ applies. For a 1 mm glass plate, we calculate 0 ϭ0.9 rad/sϭ0.14 Hz. From Eq. ͑12͒, we can derive the following three predictions: ͑1͒ The change in resistance will be linear in the applied optical power; ͑2͒ The electrical signal will lag behind the optical input with a phase angle difference of 45°. This phase angle is independent of the power applied; and ͑3͒ The amplitude of the change in resistance ͉⌬R()͉ follows a 1/ͱ dependence on the modulation frequency. Fourier transformation of this frequency dependence leads to a 1/ͱt dependence for the change in resistance on time t. What is interesting about this time dependence is that it does not have a characteristic time; the plot of 1/ͱt versus t looks the same when normalized and plotted on various time scales. The other interesting feature is the singularity at tϭ0 in the time domain. In an experimental setup, however, the combination of device and detection apparatus will always show a finite RC time. Therefore, in the time domain, the response of the polymer film has to be convoluted with the exponential response curve of the detection with time constant k ϭ1/RC and this will remove the singularity at tϭ0. In the frequency domain, the response of the film has to be multiplied by the Lorentzian describing the RC response of device and detection. This gives
These predictions can now be compared with the experimental data. Taking the materials parameters for glass, one can calculate the amplitude of the temperature variations for illumination with 0.4 W/cm 2 irradiation. This amounts to 0.1 K for modulation at 10 Hz. In order to account for the observed voltage modulation, one needs to assign a value to (dR/dT ) of 7ϫ10 2 ohm/K. Thus, (dR/dT ) ͑1/R͒ should be on the order of 10 Ϫ3 . Experimentally, we find that the normal dark resistance of the PEDOT:PSS is reduced when the temperature is raised. For the temperature range of 273 to 303 K, we find that the relative change in resistance, ⌬R/R, is indeed on the order of 10 Ϫ3 per K. As shown in Fig. 1 , the dependence for the amplitude of the voltage modulation is (1/) 0.44 in the frequency range of 3 to 300 Hz. At higher frequencies, a deviation occurs. The dashed line in Fig. 1 represent a plot of the amplitude ͉⌬R()͉ from Eq. ͑14͒. In this plot, a constant kϭ1/RCϭ1/ ͑0.1 ms͒ was used and (dR/dT ) was taken to be 3ϫ10 2 ohm/K. It thus seems that the deviation of the signal at higher frequencies can be understood in terms of a finite RC time of the combination of device and detection system. About the origin of this RC time, we can say the following. The lock-in amplifier has a capacitance of 25 pF and an impedance of 10 M⍀. The resistance over the probe electrodes is 2 M⍀. In combination with the 25 pF capacitance, this gives an RC time of 0.05 ms, which is only a factor of 2 short of the experimental observation.
In the range 10-100 Hz, the phase angle of the signal is close to Ϫ45°or 135°, in good agreement with Eq. ͑12͒ ͓see Fig. 1͑B͔͒ . At higher frequencies, the phase angle shows a dispersion. The dashed line in the plot shows the prediction based on Eq. ͑14͒ and it seems that the deviation at high frequency can be understood in terms of a finite RC time of the combination of device and detection. At low frequency, a change in phase angle occurs also. At this moment, we do not have an explanation for this. It may be that the assumption (ᐉӷl 0 ) used to derive Eq. ͑12͒ breaks down in this region. Thus, we conclude that the dependence of the amplitude of the voltage modulation is given by a power law (1/) 0.44 . After Fourier transformation, one obtains a (1/t) ␣ dependence with ␣ϭ1Ϫ0.44ϭ0.56.
From the studies in the time domain ͑Fig. 4͒, we find that the time dependence of the amplitude as observed for t Ͼ10 s is also given by a power law (1/t) 0.59 . This is in good agreement with the frequency dependent measurements. As shown in part B of Fig. 4 , we find a 8 s rise time of the signal. This rise may be interpreted in terms of an RC time for the deviceϩdetection. The oscilloscope used has a 13 pF capacitance and 1 M⍀ impedance. Assuming that the impedance of the oscilloscope may be taken to be coupled in parallel to the resistance over the probe electrodes, this yield a combined resistance of ϳ0.7 M⍀. In combination with the 13 pF capacitance, this yields an RC time of 9 s. It, therefore, seems that the finite RC time observed, results mainly from the combination of capacitance in the detection and high resistance of the device.
As discussed herein, the analysis of the heating and subsequent thermal diffusion predicts a 1/ͱt time dependence whereas the experimental data show a (1/t) 0.6 dependence and this suggests that a thermal effect is most likely the correct explanation for the changes in resistivity induced by the irradiation in the s-ms time domain.
We can make a crude estimate of the change in temperature upon irradiation with a 20 J pulse incident on a 0.1 cm 2 area, similar to that used to obtain the data in Fig. 4 . We assume that the pulse is completely absorbed by the 400 nm thick film and we take the heat capacity of the active layer to the same as for polystyrene. This yields an elevation of temperature of approximately 4°right after the arrival of the pulse.
Besides this time or frequency dependence of the amplitude of the induced changes in voltage, also the predictions for the phase angle between the oscillations in the voltage and the excitation light can be compared with the experiment. Apart from the very low-frequency region where the behavior of the phase angle on frequency could not be explained ͑see Fig. 1͒ , the magnitude of the phase angle observed is consistent with the interpretation. The observed independence of phase angle on the intensity of illumination is in accordance with the prediction. The proposed interpretation of the photoinduced change in resistivity in terms of a heating effect implies, however, that the optical excitations have completely thermalized within 0.1 ms.
The measurements of the PIA of the PEDOT:PSS films give, in our opinion, additional information on the time scale at which thermalization of the excitations occurs. Let us first look at the quasisteady-state measurements as shown in Fig.  6 . The frequency dependence of the infrared induced changes also indicate a power-law decay of the signals in time. At 0.83 eV detection energy, the dependence of the PIA on frequency (͉⌬T()͉ϰ(1/) 0.4 ) is almost similar to that observed for the change in resistance. To obtain the time dependence, one can apply a Fourier transformation yielding ͉⌬T(t)͉ϰ(1/t) 0.6 . For detection at 1.77 eV ͑700 nm͒, the dependence is slightly different. The similarity in frequency dependence of the change in resistance and the PIA signal at infrared probe energies suggest that the optical and electrical signal have a common origin, most likely the heating of the polymer film. Due to the temperature increase, the population of the states available to the carriers will be modified and this will result in a change of the absorption spectrum.
On the sub-ns time scale, the photoinduced changes in optical transmission of the film , as detected in the infrared region, also follow an algebraic decay law (͉⌬T(t)͉ ϰ(1/t) 0.65 ), see Fig. 7 . This time dependence is similar to the one observed in quasisteady state PIA at 0.83 eV. A possible, and in our view, a likely, explanation is that also in this time domain, the photoinduced changes are due to heating and the relaxation limited by the heat transport from the film to the substrate.
On the sub-ps time scale, we observed a very rapid decay component with a decay time close to the instrument response time ͑see Fig. 8͒ . This indicates the existence of relaxation processes with rate constants Ͻ500 fs. In our view, these processes are related to the decay of the primary photoexcitation and the dissipation of the excitation energy. Chang et al. 14 have interpreted the infrared absorption band of the PEDOT in terms of the localization modified Drude model, implying that the absorption is due to motion of charge carriers in the electric field of the light. The relaxation of the associated photoexcitation can then be related to the thermalization of the charge carriers. From the modified Drude model, a relaxation time can be extracted and for PE-DOT:PSS it is estimated at 1-10 fs. Such short relaxation times are compatible with the very rapid decay component which we have observed in the pump-probe measurements. The short lifetime implies a considerable homogeneous broadening of the associated optical transition of the material. For a lifetime of 1 fs, the expected homogeneous width is close to a few tenths of an eV. The pump-probe traces for different detection wavelengths as shown in Fig. 8 give some indication of the homogenous linewidth of the electronic transition in the PEDOT:PSS. What we observe is that the bleaching band at tϭ0 is at least 0.1 eV wide, which is much wider than the spectral width of the pump and probe pulses used. This is consistent with a homogeneous linewidth corresponding to a 1-10 fs lifetime. In analyzing the pumpprobe spectra, one has to be careful: When the pump and probe pulses overlap both in time and in space the so-called ''coherent artifact'' can occur. This artifact can be interpreted in terms of the exchange of energy between pump and probe beam induced by the nonlinear optical response of the medium. This implies that the positive differential transmission signals which we observe at tϭ0 can also have an origin other than a simple bleaching of the absorbance. However when the T 1 and T 2 relaxation times are very short, the contribution from such a coherent artifact is very small.
V. CONCLUSION
The resistance of a film of PEDOT:PSS can be modified by irradiation with infrared light. The change in resistance is attributed to a light-induced change in the mobility of the carriers associated with the ͑slight͒ heating of the polymer film due to photon absorption. The decay of the photoinduced changes in time can be understood in terms of the relaxation being limited by transport of heat from the polymer film into the supporting glass substrate. Apart from the change in resistance, an optical transient associated with the heating is also observed. Ultrafast pump-probe experiments indicate that the thermalization of the charge carriers after excitation occurs on a sub-ps time scale.
